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Abstract: Heat recovery from ventilation air is proven technology resulting in significant energy
savings in modern buildings. The article presents an energy analysis of an air handling unit with a
cross-flow heat exchanger in an office building in Poland. Measurements were taken during one year
of operation, from 1 August 15 to 31 July 16, covering both heating and cooling periods. Calculated
annual temperature efficiency of heat and cold recovery amounted to 65.2% and 64.6%, respectively,
compared to the value of 59.5% quoted by the manufacturer. Monthly efficiency of heat recovery was
from 37.6% in August to 68.7% in November, with 63.9% on average compared to 59.5% declared
by the manufacturer. Cold recovery was from 63.3% in April to 72.8% in September, with 68.1%
annually. Calculated recovered heat and cold amounted 25.6 MWh and 0.26 MWh, respectively. Net
energy savings varied from —0.46 kWh/ m? in August, when consumption by fans exceeded savings,
t0 5.60 kWh/m?2 in January.

Keywords: air handling unit; cross-flow heat exchanger; heat recovery; temperature effectiveness;
temperature efficiency; EN 308; ventilation loss

1. Introduction

Buildings in Europe are responsible for about 40% of total energy consumption [1],
having significant impact on economies of European countries. This problem is also very
important in Poland, where a number of efficiency-oriented initiatives in buildings have
been taken recently [2—4]. Introduction of the Directive on the Energy performance of
buildings (EPBD) has resulted in the development of the building energy certification
system and new requirements for thermal protection of buildings [5]. The Regulation of the
Minister of Infrastructure and Development on the methodology to determine the energy
performance of a building and energy performance certificates [6] presents in detail the
calculation procedure to obtain energy performance indicators: EP (nonrenewable primary
energy), EK (final energy), and EU (usable energy). This procedure has been presented
by several authors recently [7-15]. The base to obtain EP, EK, and EU is calculated annual
energy use for space heating; cooling; ventilation; domestic hot water (DHW); and, in
nonresidential buildings, lighting. These factors include energy directly utilized to provide
a given service and consumed by an additional equipment necessary for the operation of
the technical systems in the building as well.

The most significant share in energy consumption of European buildings belongs
to heating and cooling [16,17]. These needs are affected by several components. One
of significant importance, regardless of the energy standard of a building, is ventilation.
This is the case because ventilation works continuously oz, at least, during presence of
people in a building, providing fresh air to the given space and at the same time removing
used air for hygiene and sanitary reasons. During the heating season, outdoor air sup-
plied to the building has lower temperature than indoor air. In the cooling period, the
opposite phenomenon occurs. Hence, additional energy is needed to maintain set indoor
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air temperature, resulting in a significant share of energy use for ventilation purposes in
buildings [18-22].

To reduce these heat losses, ventilation systems with heat recovery are used [23-26],
usually with cross-flow, counter-current, or rotary heat exchangers [27,28]. Current Polish
regulations [29] for buildings with mechanical ventilation, supply and exhaust ventilation,
or air-conditioning systems with the capacity over 500 m?/h require the minimum temper-
ature efficiency of heat recovery of 50%. Efficiency of heat recovery is commonly assumed
constant throughout the year when calculating heating and cooling energy of buildings,
usually on the basis of the manufacturers’ or designers” documentation.

Wang et al. [30] presented the passive ultra-low energy office building adopting
ventilation heat recovery system with rotary heat exchanger. Thermal recovery rate of
more than 75% was given, but no detailed analysis was presented.

Zemitis and Borodinecs [31] compared two variants of mechanical ventilation
systems—rotary and counter-flow exchangers with assumed efficiency of 85% and 88%,
respectively. They also presented simulations of heating and cooling energy in a single-
family building with a ventilation airflow rate of 640 m3/h and heat recovery efficiency of
an air handling unit (AHU) of 85%. Simulated annual heating and cooling demand with
and without heat recovery amounted to 12,643 kWh and 26,965 kWh, respectively.

Simulations of new single-family home located in Greenland in order to assess re-
duction of energy consumption after its modernization were presented in [32]. The input
data for the model were taken from the measurements. Mechanical ventilation with rotary
heat exchanger was used. Its temperature efficiency was set to 75%, although 80% was
given in its technical documentation. The authors concluded that energy recovered in the
heat exchanger amounted to 56 kWh/m? on average per year being a significant part of
saved energy.

Firlag [5] analyzed plus energy residential buildings’ solutions in a Polish heating-
dominated climate at different thermal requirements. Balanced ventilation with annual
heat recovery efficiency above 85% and 90% was analyzed, resulting in annual savings of
EUR 580 in relation to the base variant with natural ventilation.

Single-family residential building was presented in [33]. Heat recovery of 55% and
86% was assumed, resulting in 71% and 63% energy savings versus base variant with
gravity ventilation. Similar considerations were presented in [34-37].

Mechanical ventilation can be also connected with ground heat exchanger (GHE). In
the analysis of the low energy building located in northeast and southwest Poland [38],
GHE was connected to the mechanical system with 75% heat recovery. It was compared to
the conventional (natural ventilation) and passive (90% of heat recovery) variants. Annual
energy consumption and exploitation costs were given but impact of heat recovery was
not discussed. Rabczak and Kut [39] simulated application of a UV lamp in the air duct
in front of the air handling unit connected to the ground heat exchanger. Assuming an
annual efficiency of heat recovery in an AHU of 0.8, they calculated energy consumption
and operation costs of the ventilation system with and without ground heat exchanger. In
a similar case [40], heat exchanger efficiency was assumed at 50%.

Monitoring of everyday operation of the building’s technical systems enables the
user to obtain information on their actual performance. Then, calculation of energy use
can be based on the data closer to the real state. This is a very important issue because
the energy certificates affect the transaction prices on the retail market [41,42]. For these
reasons, studies based on the measurements in real conditions are of special interest.

Borowski et al. [43] presented modernization analysis of the historical hotel to the
low-energy standard. One of the proposed solutions was to install air handling units with
a regenerative counterflow exchanger. Average seasonal air handling unit temperature
efficiency was assumed at 45%. However, no further data related to ventilation system
were provided.

In [44] an extensive analysis of a hybrid ventilation system consisting of earth to air
heat exchangers, free cooling, and evaporative cooling air handling unit heat exchanger in
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a Near Zero Energy Building (nZEB) was presented. The authors focused on the annual
costs and energy consumption analyses for different control strategies.

In [45], an evaluation of the performance of a plate-type heat exchanger tested on a
laboratory bench was shown. Its construction, according to EN 308 [46], made it possible
to measure flowrates, the pressure drops, and inlet/outlet temperatures. Several tests were
performed. Obtained energy efficiency factor of the heat recovery system was around 90%
and increased when the airflow rate decreased.

A number of similar studies performed in laboratory conditions [47-49] focused on
different technical aspects of air handling units and heat recovery issues under selected
environmental conditions. It was clear that they could not fully match real exploitation
circumstances. This gap can be filled by studies based on the long-term (especially annual)
analyses of the energy performance of air handling units in terms of efficiency of energy
certification conducted under normal operation of buildings.

Of course, it is not always possible to measure many parameters using special equip-
ment or an embedded system in such circumstances. However, relying on the basic
measurements available to the user thanks to the control and service software of Heating,
Ventilation and Air Condition (HVAC) equipment makes it possible to carry out detailed
analyses relevant to the user, giving them precise image of energy and economic efficiency
of the used devices.

In this paper, an annual analysis of air handling unit with cross-flow heat exchanger
is presented. It focuses on temperature efficiency of heat and cold recovery, energy con-
sumption for fans, and economic considerations. The study is based on measurements
taken in a commercial office building in 2015 and 2016 during 12 months of its normal
operation. Measurement data were taken from sensors mounted in the air handling unit by
its manufacturer and are available for the user and service.

2. Materials and Methods
2.1. Air Handling Unit
The air handling unit with the cross-flow heat exchanger is schematically presented in

Figure 1. It consists of air filters (1), exhaust fan (2), cross-flow heat exchanger (3), supply
fan (4), heating coil (5), and cooling coil (6).

BUILDING

Figure 1. Schematic view of an air handling unit with a cross-flow heat exchanger.

Temperatures in Figure 1 are assigned according to EN 308 [46,50], which specifies
methods to be used for laboratory testing of air-to-air heat recovery devices in buildings to
obtain rating data and verify performance data given by manufacturers.

This standard defines 2 measures of the efficiency of heat exchangers. These are the
temperature ratio (also known as temperature efficiency or temperature effectiveness [51])
and humidity ratio (humidity or latent effectiveness [52]) defined at the supply side of the
exchanger (indexes according to Figure 1), respectively:

b — iy (1)

= .
1 1 —tn
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X22 — X21
= —. ()
X11 — X21

Total (enthalpy [52,53]) effectiveness is also used:

hop — hoy
— 2 3
1t —— 3)

Temperature effectiveness, given by Equation (1), is of special interest because it
can be easily evaluated using temperature measurements (Figure 1) and is also given by
manufacturers in datasheets of their equipment. In addition, in sensible heat exchangers it
can be assumed that sensible and total effectiveness of heat recovery are equal [52].

In practice, temperature fy, is not always available. Instead, supply air temperature
delivered to the room (tps) is measured. The increase of air temperature should be
also taken into account as it ﬂows through the fan, a551gned top ¢-too (Figure 2). Then, if

heating/cooling coil capacity Q and ventilation airflow V are known [54,55]:

Q= p-V-cp- (fzz,s - tzz,f) 4

BUILDING

(a) (b)

Figure 2. (a) Schematic view of specific temperatures in the air handling unit (AHU); (b) view of the AHU in the Building
Management System (BMS).

From this

tanf = toos — .L ®)

p-V-cp

Air density (p) and specific heat capacity (cp) at known temperature (t) can be com-
puted from the following formulas [56,57]:

0=351.99/(t + 273.15) + 344.84/(t + 273.15)? (6)

cp = 1030.5 — 0.19975 (t + 273.15) + 3.9734 - 10~ * (t + 273.15)? )

Then, the ty; s should be inserted in Equation (1) instead of ty;. Omitting temperature
rise of air while passing filters Figure 1 can be modified into Figure 2a.

Ventilation air supplied to a building is warmed up or cooled down in the heat
exchanger during heating or cooling period, respectively. This temperature change results
in energy savings in the period of the length of At given by

Qs:P'V'Cp'(tZZ_t21)'AT (8)

2.2. On-Site Measurements

Research was conducted in Katowice (south Poland) from 1 August 2015 to 31 July 2016,
i.e., during the whole year, covering heating, cooling, and intermediate periods. External
air temperature (Figure 3a) varied from —14.4 °C at 8:00 on 4 January 2016 to 35.3 °C
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Temperature [°C]
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at 16:30 on 9 August 2015. Mean monthly temperature was from —0.1 °C in January to
23.5 °C in July. According to the typical meteorological year (TMY) for Katowice [58], the
temperature was from —2.4 °C in February to 17.8 °C in July. Annual heating degree days,
for base temperature of 12 °C, amounted at 1967 and varied from 84 in October to 434 in
December (Figure 3b).
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Figure 3. Meteorological conditions in Katowice: (a) outdoor air during measurements; (b) mean monthly outdoor air

temperature and heating degree days.

Measurements were performed in the first Polish office building in the passive stan-
dard on the area of Euro-Centrum Science and Technology Park (Figure 4a). The building
was put into operation in February 2014. It has 5 stories with administrative, office, and
conference rooms, as well as laboratories. It has a total and usable area of 8100 m? and
7500 m?, respectively.

(b)

Figure 4. (a) External view of the building; (b) glazed entrance/view from the interior of the building.

Several energy-saving solutions and renewable energy technologies were applied here.
Compact structure minimizes the risk of thermal bridges, and the large glazing allows for
the use of heat gains from solar radiation and provides natural light. To increase the use of
daylight, when designing the communication system, central glazing was used (Figure 4b),
and office rooms were located around the perimeter of the building.

External walls were insulated with 30 cm thick polystyrene and energy-saving three-
pane windows, equipped with external blinds that protect against overheating of rooms, in
order to reduce heat losses in the building.

Heating and cooling are provided by the low temperature thermally activated building
system (TABS), underfloor system (only basement), and additionally by the heating and
cooling coils in all AHUs in the building. They are supplied from the cascade-connected to
3 two-compressor water/water heat pumps with the total heating and cooling capacity of
244 kW and 187 kW, respectively [59]. Additional 10 vacuum solar collectors are used to
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heat utility water and support the heating system. Hydraulic scheme of the HVAC system
is presented in Figure 5.

Fan coils TABS  Floorheating  AHUs

@@ O O O

Y Ay y
Ly [
}X | % - | Buffer tank
Chiller | [ }N '
W

@ S
olar collectors
N @ kg ' Heat |

pumps f—— ‘

Ground heat exchangers

Figure 5. Schematic diagram of the heating, ventilation, and air conditioning system in the building.

Because of its size, the building was equipped with 5 AHUs. Fourth of them are
with rotary heat exchangers and supply fresh air to office, conference, technical, and social
rooms. They have a common intake and exhaust collector on the roof. The fifth AHU
is with cross-flow heat exchanger and supplies fresh air to sanitary facilities, toilets, and
restrooms. This AHU, due to the fact that it serves rooms with a different function to other
systems, is equipped with a separate air intake and exhaust on the roof.

Electricity consumption in the building is significantly covered by photovoltaic mod-
ules of total power of 107 kWp. They were mounted on the roof (231 modules) and on the
facade (108 modules vertically on the fagade and 80 modules arranged in rows between
the windows). In addition, 36 modules were mounted on 3 trackers in front of the building
(south direction).

Energy consumption optimization is ensured by the building management system
(BMS), which regulates the operation of individual devices and controls the indoor condi-
tions in the building.

In the described case, the calculation method resulted from practical limitations. For
service and exploitation requirements, it was possible to use only variables available in the
BMS system (Figure 2b), i.e., temperature (measured by the Pt1000 sensors) and airflow
(measured by the piezoelectric sensors) denoted “T” (t11, t21, and typ s) and “F”, respectively.
BMS also provided measurements of thermal power of fan coils. Electricity consumption
by fan motors was obtained on the basis of ventilation airflow rate and fans’ characteristics.
"Multical 602" heat meters of Kamstrup were used in fan coil thermal energy measurements.
According to the manufacturer’s data, the measurement accuracy is of +1 °C and +5%
for temperature and airflow control purposes, respectively. At low values of temperature
differences, t1; —tp; possibility of computational errors (Equation (1)) exists. At the same
time, measurement error may be a substantial part of the measured temperature difference.
To avoid such error sources, we decided to filter out all data records with temperature
differences below 2 K.

The considered AHU is 1of 5 installed in the building. It supplies fresh air to sanitary
and utility rooms of a total area of 717.91 m? and volume of 2153.8 m>. Polish ventilation
standards in residential buildings have been described recently [60-62]. In commercial or
industrial buildings, this issue is addressed in [63]. In the case of mechanical ventilation in
hygienic and sanitary rooms, air exchange should be provided in the amount of no less
than 50 m3 /h for 1 toilet bowl and 25 m3/h for 1 urinal.

The main parameters of the tested air handling unit are presented in Table 1. Because
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typ ¢ was measured, then t;; f was computed from Equation (5). Then ty, was obtained from
typ £, assuming constant air temperature rise of 0.9 °C declared by the manufacturer.

Table 1. Technical parameters of AHUs.

Device Parameter Value Unit

Cross-flow exchanger Pressure drop-supply 137 Pa

Pressure drop—exhaust 132 Pa

Temperature efficiency 59.5 %
Supply fan Airflow rate 4770 m3/h

Total pressure rise 649 Pa

Rotation speed 1518 1/s

Rated power 1.41 kw

Air temperature rise 0.9 °C
Exhaust fan Airflow rate 4510 m3/h

Total pressure drop 250 Pa

Rotation speed 1439 1/s

Rated power 1.20 kW

Air temperature rise 0.8 °C

Cooling coil Supply/return temperature 7.0/12.0 °C
Water volumetric flow 1.83 dm3/s

Rated coil capacity 38.30 kW

Air pressure drop (dry/wet coil) 61/74 Pa

Heating coil Supply/return temperature 50.0/30.0 °C
Water volumetric flow 0.65 dm3/s

Rated coil capacity 53.90 kW

Air pressure drop 36 Pa

3. Results and Discussion
3.1. Ventilation Airflow

Operation of the analyzed AHU is strictly dependent on working hours of a building.
It is switched on 2—4 h before opening hours and stopped in a similar manner, about 2—4 h
after closing hours. This is due to proper airing of offices because the main task of this
system is to deliver fresh air and remove used air because of sanitary and hygienic reasons.
In the summer period, these additional ventilation hours allow cool air to flow inside the
building during the day. On non-working days, ventilation is switched off. This schedule
for the whole week from 1 August 2015 to 7 August 2015 is shown in Figure 6.
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Figure 6. Supply airflow rate from 1 August 2015 to 7 August 2015.

In the winter months, this schedule may be changed to reduce ventilation loss during
the days with very low ambient temperatures. Moreover, intermittent interruptions,
maintenance work, or tests influence operation of the system (Figure 7). However, the
thorough analysis of the whole year operation did not reveal significant long disturbing
events. Air change rate varied from 0 to 2.13 1/h. Only on 25 November 2015 from 13:00 to
17:00 did it amount to 2.53 1/h because of maintenance work and performed tests.
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Figure 7. Supply airflow rate from 1 August 2015 to 31 July 2016.

The analyzed period was the length of 366 days, i.e., 8784 h. The ventilation was
working for 3068 h, i.e., 35% of the year. It was evenly distributed in consecutive months,
from 223 h in July to 276 h in March, with 255.7 h on average.

3.2. Heat Recovery

Poland lies in the heating dominated climate [64], and thus heat recovery is of special
interest. In the analyzed, period hourly temperature efficiency of heat recovery varied
(Figure 8) from 4.3% on 21 September 2015 at 6:00 and 27 July 2016 at 9:00 to 99.5% on
12 April 2016 at 17:00, with 65.2% on average. It was better than 59.5% declared by the
manufacturer (Table 1). When omitting temperature rise during flow of air through the
supply fan, shown in Table 1, then average annual efficiency was 76.0%.
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Figure 8. Hourly efficiency of heat recovery from 1 August 2015 to 31 July 2016.

To explain the occurrence of efficiency values in such a wide range, an additional brief
comment is needed. As mentioned above, its lowest value occurred twice. In the first case,
it was just after start of the ventilation system. During the nighttime break, still air inside
the ventilation duct warmed up. After turning on the fan, fresh and cold outside air was
sucked into the duct. Its temperature dropped (Figure 9a) but was still higher than that of
the outdoor air, resulting in low efficiency (Equation (1)). The second situation took place
in July, during the cooling period, because instantaneous thermal conditions, resulting
mainly from varying solar and internal gains, resulted in ty; <ty < t11 (Figure 9b).

The highest value of = 99.5% occurred on 12 April 2016 at 17:00 and n = 98.7% on
4 November 2015 at 15:00. Thermal conditions in both cases are illustrated in Figure 10.
They were influenced by uneven work of ventilation.
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Figure 9. Temperatures tq1, tp1, and ty; and ventilation airflow on (a) 21 September 2015; (b) 27 July 2016.
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Figure 10. Temperatures t11, to1, and ty; and ventilation airflow on (a) 12 April 2016; (b) 4 November 2015.

Despite the presence of low and high efficiency values, Figure 1 shows that inter-
mediate values, in the range of 60%—70%, prevailed. A more detailed analysis of this
phenomenon is possible on the basis of the efficiency histogram presented in Figure 11.

1400 140

(3]

1200 120 §

= Frequency 3

= 1000 - * % 100 §
= —e—Cumulative frequency / Ew
& a0 80 o

] =

= 60 8

@ 3

e 400 L 40 g

200 Lag ©

0 < = Lo

n<10% <10,20) <20,30) <30,40) <40,50) <50,60) <60,70) <70,80) <80,90) >90%

Figure 11. Histogram of calculated hourly efficiency of heat recovery.

From the total of 2633 h during the year when heat recovery was possible, 131 h
was extracted because of measurement restrictions described in Section 2.2 resulting in
2502 analyzed hours. From them, efficiency from 60% to 70% and from 70% to 80% was
achieved during 1356 h and 758 h, respectively. Hence, the interval from 60% to 80%
covered 84.5% of time with heat recovery.

Heat recovery was also possible in hot months (cooling period) due to favorable
dynamic thermal conditions, from 90 h (35.9% of total operation hours of ventilation system
in that month) in August to 275 h in December. Monthly efficiency (Table 2) was from
37.6% in August to 68.7% in May. The total number of operation hours of the ventilation
system includes building’s working hours plus pre-ventilation and post-ventilation periods,
typically 2-3 h each daily.
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Table 2. Monthly temperature efficiency of heat recovery.

Time Share of Heat

Month OT(::alt?(/)[r(:IIl;}(;z's Recovery in Total Nt [%]
P Operation Hours [%]

August 2015 251 24.3 37.6
September 2015 264 79.5 59.8
October 2015 260 98.8 67.4
November 2015 235 99.6 68.7
December 2015 276 99.6 68.3
January 2016 252 99.6 66.6
February 2016 252 99.6 68.3
March 2016 276 99.6 68.3
April 2016 252 93.3 67.8
May 2016 263 69.6 68.1
June 2016 264 54.2 55.4
July 2016 223 57.0 55.5

Another important characteristic is dependence of the efficiency on outdoor air temper-
ature (Figure 12), providing information about the usefulness of a given device under cer-
tain temperature conditions. As is shown, temperature efficiency slightly increases with the
increasing outdoor temperature but still has satisfying value at lower temperatures when
heating is needed. Similar observations were also presented by other researchers [65,66].
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Figure 12. Heat recovery efficiency versus outdoor air temperature.

To clarify the issue of efficiency calculation, we present here an example for the
day 5 January 2016. At 10:00, we measured V= 4504 m3/h, t;; = 21.1 °C, tp; = —3.6 °C,

trs =229 °C, and Q= 14.0 kW.

From Equation (6), air density at given ty; is p = 1.19289 kg/m?. From Equation (7)
specific heat capacity of air ¢, = 1006.19 J/kg-K. Inserting these values into Equation (5),
we obtain

to ¢ =22.9 — 14000/(1.19289 - 1.2511 - 1006.19) = 13.58 °C

Assuming temperature rise of air in the fan (see Table 1) of 0.9 °C, we obtain
tyy =13.58 — 0.9 =12.68 °C

Inserting computed ty; and measured t1 and tp; into Equation (1), we obtainn = 0.659.
If assumed temperature rise in fan is omitted, then ty; = ty; = 13.58 °C and 1y = 0.696.
Rewriting Equation (1), we obtain

ty =1t (t11— to1) + to )

This way, unknown supply temperature can be obtained at given outdoor and exhaust
temperature and temperature efficiency. Assumingn; = 0.595 given in Table 1, we computed
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typ for the same outdoor and indoor temperatures, which we compared with previous
results (Figure 13). Strong correlation indicates that use of ¢ declared by the manufacturer
is justified in practice.
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Figure 13. Correlation of temperature ty; calculated from measurements and for constant 1.

3.3. Cold Recovery

Cold recovery means mainly the possibility to cool heated building’s interior by
outdoor cold air during nights. This phenomenon occurred from April to September in a
total of 127 h. Temperature efficiency of cold recovery varied (Figure 14) from 16.7% on
16 June 2016 at 11:00 to 95.2% on 5 July 2016 at 16:00 at outdoor air temperatures of 24.2 °C
and 26.0 °C, respectively. Monthly efficiency was from 59.5% in June to 67.9% in September,
with 64.6% on average.
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Figure 14. Hourly efficiency of cold recovery from 1 August 15 to 31 July 16.

Moreover, in this case, we can compare cold recovery efficiency with outdoor air
temperature (Figure 15). However, because of the small number of the measured values
and short cooling period, this dependence is not clear in terms of the case of heating.
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3.4. Energy Savings

Energy savings obtained thanks to the AHU with heat exchanger require certain
electricity input to drive the fans. During the analyzed period, both fans consumed
7626 kWh with maximum and minimum of 485.6 kWh and 786.3 kWh in February and
December, respectively. Energy savings and consumption by fans related to the conditioned
area (Figure 16) varied from 0.31 kWh/ m? in August to 6.61 kWh/ m? in January and from
0.68 kWh/m? in February to 1.04 kWh/m? in March. Net energy flow of this AHU was from
—0.46 kWh/m? in August, when consumption by fans exceeded savings, to 5.60 kWh/ m?
in January.
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Figure 16. Unit electricity consumption (-), heat and cold savings (+).

Annual savings of heat and cold, calculated from Equation (8), amounted to 25.6 MWh
and 0.26 MWh, respectively. When the same ventilation system but with no recuperation is
used, an equivalent amount of heating and cooling energy should be delivered from the
existing sources. Supposing compressor heat pumps with seasonal Coefficient of Perfor-
mance (COP) = 4.5 and COP = 3.5 as main sources for heating and cooling, respectively,
we calculated an additional amount of consumed electricity (Table 3) under the same
temperature conditions.

Calculated annual additional consumption of electrical energy by heat pumps amounted
to 5.8 MWh, resulting in estimated cost of EUR 577.00 (0.1 EUR/kWh in Poland). Market
research carried out by researchers indicated that the price of a cross-flow exchanger with
additional accessories is EUR 4000, meaning simple payback time (SPBT) of such an invest-
ment is less than 7 years. Comparison with typical lifespan of AHUs of 15—20 years [67]
indicates a good economic efficiency of the use of such a device.
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Table 3. Monthly heat and cold savings and equivalent electricity consumption.

Month QH,saved QC,saved Enp

— kWh kWh kWh

August 2015 159.8 65.6 54.3
September 2015 682.0 21.6 157.7
October 2015 2233.7 0.0 496.4
November 2015 2495.9 0.0 554.6
December 2015 4005.8 0.0 890.2
January 2016 47443 0.0 1054.3
February 2016 3850.7 0.0 855.7
March 2016 3643.7 0.0 809.7
April 2016 2137.2 37.6 485.7
May 2016 903.3 25.7 208.1
June 2016 400.3 48.1 102.7
July 2016 374.5 61.6 100.8

4. Conclusions

Heat recovery from ventilation air in the Polish heating-dominated climate may result
in significant energy and financial savings. The presented case study of air handling unit
with the cross-flow heat exchanger proved its proper operation. Taking into account only
recovered heat and referring it to the conditioned area of the building, we obtained the value
of 35.7 kWh/m?. This is unit final energy, which does not have to be supplied via the HVAC
system to the interior of the building in order to maintain required set temperature. Of
course, energy to drive exhaust and supply fans was not included here because ventilation
must continue to function. This value may significantly affect the energy class of a building.
Hence, energy-efficient technologies should be implemented and studied during operation
to provide reliable outcomes for investors, users, and policymakers.
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